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A. Mukherjee,16 M. Mulhearn,31 Th. Muller,25 R. Mumford,24 P. Murat,16 J. Nachtman,16 S. Nahn,58 I. Nakano,39
PRL 96, 152002 (2006) P H Y S I C A L R E V I E W L E T T E R S
week ending
21 APRIL 2006
0031-9007=06=96(15)=152002(7)$23.00 152002-1 © 2006 The American Physical Society
A. Napier,54 D. Naumov,36 V. Necula,17 C. Neu,43 M. S. Neubauer,9 J. Nielsen,28 T. Nigmanov,45 L. Nodulman,2
O. Norniella,3 T. Ogawa,55 S. H. Oh,15 Y. D. Oh,27 T. Okusawa,40 R. Oldeman,29 R. Orava,22 K. Osterberg,22
C. Pagliarone,44 E. Palencia,11 R. Paoletti,44 V. Papadimitriou,16 A. Papikonomou,25 A. A. Paramonov,13 B. Parks,38
S. Pashapour,32 J. Patrick,16 G. Pauletta,52 M. Paulini,12 C. Paus,31 D. E. Pellett,7 A. Penzo,52 T. J. Phillips,15
G. Piacentino,44 J. Piedra,11 K. Pitts,23 C. Plager,8 L. Pondrom,57 G. Pope,45 X. Portell,3 O. Poukhov,14 N. Pounder,41
F. Prakoshyn,14 A. Pronko,16 J. Proudfoot,2 F. Ptohos,18 G. Punzi,44 J. Pursley,24 J. Rademacker,41 A. Rahaman,45
A. Rakitin,31 S. Rappoccio,21 F. Ratnikov,50 B. Reisert,16 V. Rekovic,36 N. van Remortel,22 P. Renton,41 M. Rescigno,49
S. Richter,25 F. Rimondi,5 K. Rinnert,25 L. Ristori,44 W. J. Robertson,15 A. Robson,20 T. Rodrigo,11 E. Rogers,23 S. Rolli,54
R. Roser,16 M. Rossi,52 R. Rossin,17 C. Rott,46 A. Ruiz,11 J. Russ,12 V. Rusu,13 D. Ryan,54 H. Saarikko,22 S. Sabik,32
A. Safonov,7 W. K. Sakumoto,47 G. Salamanna,49 O. Salto,3 D. Saltzberg,8 C. Sanchez,3 L. Santi,52 S. Sarkar,49 K. Sato,53
P. Savard,32 A. Savoy-Navarro,16 T. Scheidle,25 P. Schlabach,16 E. E. Schmidt,16 M. P. Schmidt,58 M. Schmitt,37
T. Schwarz,33 L. Scodellaro,11 A. L. Scott,10 A. Scribano,44 F. Scuri,44 A. Sedov,46 S. Seidel,36 Y. Seiya,40 A. Semenov,14
F. Semeria,5 L. Sexton-Kennedy,16 I. Sfiligoi,18 M. D. Shapiro,28 T. Shears,29 P. F. Shepard,45 D. Sherman,21
M. Shimojima,53 M. Shochet,13 Y. Shon,57 I. Shreyber,35 A. Sidoti,44 A. Sill,16 P. Sinervo,32 A. Sisakyan,14 J. Sjolin,41
A. Skiba,25 A. J. Slaughter,16 K. Sliwa,54 D. Smirnov,36 J. R. Smith,7 F. D. Snider,16 R. Snihur,32 M. Soderberg,33 A. Soha,7
S. Somalwar,50 V. Sorin,34 J. Spalding,16 F. Spinella,44 P. Squillacioti,44 M. Stanitzki,58 A. Staveris-Polykalas,44
R. St. Denis,20 B. Stelzer,8 O. Stelzer-Chilton,32 D. Stentz,37 J. Strologas,36 D. Stuart,10 J. S. Suh,27 A. Sukhanov,17
K. Sumorok,31 H. Sun,54 T. Suzuki,53 A. Taffard,23 R. Tafirout,32 R. Takashima,39 Y. Takeuchi,53 K. Takikawa,53
M. Tanaka,2 R. Tanaka,39 M. Tecchio,33 P. K. Teng,1 K. Terashi,48 S. Tether,31 J. Thom,16 A. S. Thompson,20
E. Thomson,43 P. Tipton,47 V. Tiwari,12 S. Tkaczyk,16 D. Toback,51 K. Tollefson,34 T. Tomura,53 D. Tonelli,44
M. Tönnesmann,34 S. Torre,44 D. Torretta,16 S. Tourneur,16 W. Trischuk,32 R. Tsuchiya,55 S. Tsuno,39 N. Turini,44
F. Ukegawa,53 T. Unverhau,20 S. Uozumi,53 D. Usynin,43 L. Vacavant,28 A. Vaiciulis,47 S. Vallecorsa,19 A. Varganov,33
E. Vataga,36 G. Velev,16 G. Veramendi,23 V. Veszpremi,46 T. Vickey,23 R. Vidal,16 I. Vila,11 R. Vilar,11 I. Vollrath,32
I. Volobouev,28 F. Würthwein,9 P. Wagner,51 R. G. Wagner,2 R. L. Wagner,16 W. Wagner,25 R. Wallny,8 T. Walter,25
Z. Wan,50 M. J. Wang,1 S. M. Wang,17 A. Warburton,32 B. Ward,20 S. Waschke,20 D. Waters,30 T. Watts,50 M. Weber,28
W. C. Wester III,16 B. Whitehouse,54 D. Whiteson,43 A. B. Wicklund,2 E. Wicklund,16 H. H. Williams,43 P. Wilson,16
B. L. Winer,38 P. Wittich,43 S. Wolbers,16 C. Wolfe,13 S. Worm,50 T. Wright,33 X. Wu,19 S. M. Wynne,29 A. Yagil,16
K. Yamamoto,40 J. Yamaoka,50 Y. Yamashita.,39 C. Yang,58 U. K. Yang,13 W. M. Yao,28 G. P. Yeh,16 J. Yoh,16 K. Yorita,13
T. Yoshida,40 I. Yu,27 S. S. Yu,43 J. C. Yun,16 L. Zanello,49 A. Zanetti,52 I. Zaw,21 F. Zetti,44 X. Zhang,23
J. Zhou,50 and S. Zucchelli5
(CDF Collaboration)
1Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China
2Argonne National Laboratory, Argonne, Illinois 60439, USA
3Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain
4Baylor University, Waco, Texas 76798, USA
5Istituto Nazionale di Fisica Nucleare, University of Bologna, I-40127 Bologna, Italy
6Brandeis University, Waltham, Massachusetts 02254, USA
7University of California–Davis, Davis, California 95616, USA
8University of California–Los Angeles, Los Angeles, California 90024, USA
9University of California–San Diego, La Jolla, California 92093, USA
10University of California–Santa Barbara, Santa Barbara, California 93106, USA
11Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain
12Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
13Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
14Joint Institute for Nuclear Research, RU-141980 Dubna, Russia
15Duke University, Durham, North Carolina 27708, USA
16Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
17University of Florida, Gainesville, Florida 32611, USA
18Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy
19University of Geneva, CH-1211 Geneva 4, Switzerland
20Glasgow University, Glasgow G12 8QQ, United Kingdom
21Harvard University, Cambridge, Massachusetts 02138, USA




22Division of High Energy Physics, Department of Physics, University of Helsinki and Helsinki Institute of Physics,
FIN-00014, Helsinki, Finland
23University of Illinois, Urbana, Illinois 61801, USA
24The Johns Hopkins University, Baltimore, Maryland 21218, USA
25Institut für Experimentelle Kernphysik, Universität Karlsruhe, 76128 Karlsruhe, Germany
26High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305, Japan
27Center for High Energy Physics: Kyungpook National University, Taegu 702-701, Korea;
Seoul National University, Seoul 151-742, Korea;
and SungKyunKwan University, Suwon 440-746, Korea
28Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
29University of Liverpool, Liverpool L69 7ZE, United Kingdom
30University College London, London WC1E 6BT, United Kingdom
31Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
32Institute of Particle Physics: McGill University, Montréal, Canada H3A 2T8;
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 1:96 TeV at the Fermilab Tevatron. We calculate a likelihood function for the top-
quark mass in events that are consistent with tt! b‘ ‘b‘00‘ decays. The likelihood is formed as the
convolution of the leading-order matrix element and detector resolution functions. The joint likelihood is
the product of likelihoods for each of 33 events collected in 340 pb1 of integrated luminosity, yielding a
top-quark mass Mt  165:2 6:1stat  3:4syst GeV=c2. This first application of a matrix-element
technique to tt! b‘‘ b‘0 ‘0 decays gives the most precise single measurement of Mt in dilepton
events. Combined with other CDF run II measurements using dilepton events, we measure Mt  167:9
5:2stat  3:7syst GeV=c2.
DOI: 10.1103/PhysRevLett.96.152002 PACS numbers: 14.65.Ha, 12.15.Ff, 13.85.Ni, 13.85.Qk
Precision measurements of the top-quark mass Mt place
constraints on the masses of particles to which the top-
quark contributes radiative corrections, including the un-
observed Higgs boson [1] and particles in extensions to the
standard model [2]. At the Tevatron, top quarks are pri-
marily produced in pairs. The dilepton channel, consisting
of the decays tt! b‘ ‘b‘00‘, has a small branching
fraction but allows measurements which are less reliant on
the calibration of the jet energy scale, the dominant sys-
tematic uncertainty, than measurements in channels with
hadronic W decays. A discrepancy from other channels
could indicate contributions from new processes [3].




The reconstruction of the top-quark mass from dilep-
ton events poses a particular challenge as the two neu-
trinos from W decays are undetected. Previous measure-
ments in this channel [4,5] using run I data have calcu-
lated the mass by making several kinematic assumptions
and integrating over the remaining unconstrained quan-
tity. To extract maximum information from the small sam-
ple of dilepton events, we adapt a technique pioneered for
the analysis of tt! b‘‘ bq q0 decays [6–10]. This tech-
nique uses the leading-order production cross section
and a parametrized description of the jet energy resolu-
tion. Making minimal kinematic assumptions and integrat-
ing over six unconstrained quantities, we obtain per-event
likelihoods in top-quark mass which can be directly multi-
plied to obtain the joint likelihood from which Mt is
determined.
This Letter reports a measurement with data collected by
the CDF II detector between March 2002 and August 2004,
with an integrated luminosity of 340 pb1, yielding the
most precise single measurement of Mt in dilepton events,
with statistical uncertainty approximately half that of run I
measurements [4,5]. We also report a combination of this
measurement with other recent measurements using CDF
run II data in the dilepton channel.
The CDF II detector [11,12] is an azimuthally and
forward-backward symmetric apparatus designed to study
p p collisions at the Fermilab Tevatron. It consists of a
magnetic spectrometer surrounded by calorimeters and
muon chambers. The charged particle tracking system is
immersed in a 1.4 T magnetic field parallel to the p and p
beams. Calorimeters segmented in  and  surround the
tracking system and measure the energies of interacting
particles. The electromagnetic and hadronic calorimeters
are lead-scintillator and iron-scintillator sampling devices.
Drift chambers located outside the central hadron calorim-
eters detect muons.
The data are collected with lepton triggers that require
events to have an electron or muon with pT > 18 GeV=c.
After off-line reconstruction, we select events with (i) two
leptons, each with pT > 20 GeV=c, (ii) significant missing
energy transverse to the beam direction ( 6ET), and (iii) two
jets, each with ET > 15 GeV. The selection is defined as
‘‘DIL’’ in Ref. [13] and was used to measure the cross
section in the dilepton channel. These requirements yield
33 events in the sample reported in this Letter.
The probability density for tt decays is expressed as
PsxjMt, where Mt is the top-quark pole mass and x
contains the measured lepton and jet momenta. We cal-
culate PsxjMt using the theoretical description of the
tt production process expressed with respect to x,
PsxjMt  1=MtdMt=dx, where ddx is the dif-
ferential cross section and  is the total cross section.
To evaluate the probability density, we integrate the
leading-order matrix element over quantities which are
not directly measured by the detector, i.e., neutrino and
quark energies. We assume that lepton momenta are per-
fectly measured, that quark angles are perfectly measured
by the corresponding jets, and that the two most energetic
jets correspond to the b quarks from top-quark decay.
Quark energies, while not directly measured, are esti-
mated from the observed energies of the corresponding
jets. We define the transfer function Wp; j to be the
probability of measuring jet energy j given quark energy
p. We approximate Wp; j as a sum of two Gaussians
fitted to the predicted distribution of quark-jet energy
difference from tt events generated with HERWIG [14]
and the CDF II detector simulation [15]. The expression
for the probability density at a given mass for a specific









where the integral is over the momenta of the initial and
final state particles, q1 and q2 are the incoming momenta,
pi are the outgoing momenta, fPDFqi are the parton
distribution functions (PDFs) [16], and Mttqi; pi;Mt is
the tt production and decay matrix element as defined in
Refs. [17,18] for the process q q! tt! b‘‘ b‘0 ‘0 .
While up to 15% of tt pairs at the Tevatron are produced
by gluon-gluon fusion (gg! tt), this term can be excluded
from the matrix element with negligible effect on the
measurement. The term 1=Mt in front of the integral
ensures that the normalization condition for the proba-
bility density
R
dxPsxjMt  1 is satisfied. The effect of
assumptions and approximations are measured in
Monte Carlo experiments of fully realistic events, de-
scribed below. Where needed, a correction is taken.
We calculate the probability for the dominant back-
ground processes Pbgx and form the generalized per-
event probability density PxjMt  PsxjMtpsMt 
Pbg1xpbg1  Pbg2xpbg2 	 	 	 , where psMt and pbgi are
determined from the expected fractions of signal and back-
ground events, respectively (see Table I). The Pbg are
calculated in analogy to Eq. (1), with the background
matrix element evaluated numerically using algorithms
adapted from the ALPGEN [19] generator. We calculate
the probabilities for backgrounds arising from Z=
 !
ee; plus associated jets W  3 jets, where one jet
is incorrectly identified as a lepton, and WW plus associ-
ated jets. Smaller backgrounds, comprising 11% of the
expected background, are not modeled. Application of
the background probabilities reduces the expected statisti-
cal uncertainty by 15%.
The posterior probability density in top-quark mass is
the product of a flat Bayesian prior and the joint likelihood,




a product of the individual event likelihoods. The mass
measurement (Mt) is the mean of the posterior probability,
and the statistical uncertainty (Mt) is the standard devia-
tion. We calibrate the method using Monte Carlo experi-
ments of signal and background events. Signal events are
generated with HERWIG for top-quark masses from 155 to
195 GeV=c2. Misidentified leptons are modeled using
events from the data, while all other backgrounds are
generated using ALPGEN (Z=
 ! ee;) or PYTHIA
[20] (Z=
 ! ;WW;WZ; ZZ) Monte Carlo events.
The numbers of signal and background events in each
Monte Carlo experiment are chosen according to Poisson
distributions with mean values given in Table I. The esti-
mates for tt yields take into account the mass dependence
of the cross section [21] and acceptance. The response of
the method for Monte Carlo experiments with both signal
and background is shown in Fig. 1. The response is con-
sistent with a linear dependence on top-quark mass but has
a slope that is less than unity due to the incomplete model-
ing of background contributions. Corrections Mt !
177:2 Mt  178:0=0:84 and Mt ! Mt=0:84 are de-
rived from this response and applied to both Mt and Mt
measured in data.
Examining the width of the pull distributions in these
Monte Carlo experiments, we find that the statistical un-
certainty is underestimated by a factor of 1.51, independent
of top-quark mass. This results from simplifying assump-
tions described above, made to ensure the computational
tractability of the integrals in Eq. (1). The largest effects
are from jets which originate from initial or final state
radiation rather than b-quark hadronization, imperfect lep-
ton momentum resolution, imperfect jet angle resolution,
and unmodeled backgrounds. Correcting by this factor of
1.51, we estimate the mean statistical uncertainty to be
9:4 GeV=c2 if Mt  178 GeV=c2 [22] or 7:8 GeV=c2 if
Mt  165 GeV=c2.
We apply the method described in this Letter to the
33 candidate events observed in the data. Including all
corrections described above, we measure Mt  165:2
6:1stat GeV=c2. Figure 2 shows the joint probability
density, without systematic uncertainty, for the events in
our data set.
The measured statistical uncertainty is consistent with
the distribution of statistical uncertainties in Monte Carlo
experiments where signal events with Mt  165 GeV=c2
are chosen according to a Poisson distribution with mean
Ntt  21:7 events. This number of events corresponds to
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FIG. 1 (color online). Mean measured Mt in Monte Carlo
experiments of signal and background events at varying top-
quark mass. The solid line is a linear fit to the points.
TABLE I. Expected numbers of signal and background events
for a data sample of integrated luminosity of 340 pb1. Other
backgrounds are negligible; all numbers have an additional
correlated 6% error from uncertainty in the sample luminosity.
Source Events
Expected tt (Mt  178 GeV=c2,   6:1 pb) 15:9 1:4
Expected background 10:5 1:9
Drell-Yan (Z=
) 5:5 1:3
Misidentified lepton 3:5 1:4
Diboson (WW=WZ) 1:6 0:2
Total expected 26:4 2:3






















FIG. 2 (color online). Joint posterior probability density as a
function of the top-quark mass for the 33 candidate events in
data, after all corrections. Systematic uncertainties are not
shown.




these Monte Carlo experiments, 17% yielded a statistical
uncertainty less than 6:1 GeV=c2.
There are several sources of systematic uncertainty in
our measurement which are summarized in Table II. The
largest is due to the uncertainty in the jet energy scale [23],
which we estimate at 2:6 GeV=c2 by varying the scale
within its uncertainty. An uncertainty of 1:2 GeV=c2
comes from the limited number of background events
available for Monte Carlo experiments. The contribution
from uncertainties in the PDFs are estimated by using
different PDF sets (CTEQ5L [16] vs MRST72 [24]), differ-
ent values of QCD, varying the eigenvectors of the
CTEQ6M [16] set, and varying the initial state contribu-
tions of gg and q q; the total corresponding uncertainty
added in quadrature is 1:0 GeV=c2. Dependence on the
Monte Carlo generator is estimated as the difference in the
extracted top-quark mass from PYTHIA events and HERWIG
events; this amounts to 0:8 GeV=c2. We observe no differ-
ence in the extracted top-quark mass in events from a
leading-order and a next-to-leading-order generator
[25,26]. We estimate the uncertainty coming from model-
ing of the two largest sources of background, Z=
 and
events with a misindentified lepton, to be 0:8 GeV=c2.
The uncertainty due to imperfect modeling of initial state
(ISR) and final state (FSR) QCD radiation is estimated by
varying the amount of ISR and FSR in simulated events
[27] and is measured to be 0:7 GeV=c2 for FSR and
0:5 GeV=c2 for ISR. The uncertainty in the mass due to
uncertainties in the response correction shown in Fig. 1 is
0:4 GeV=c2. The contribution from uncertainties in back-
ground composition is estimated by varying the back-
ground estimates from Table I within their uncertainties
and amounts to 0:3 GeV=c2. Adding all of these contribu-
tions together in quadrature yields a total systematic un-
certainty of 3:4 GeV=c2.
Applications of other dilepton techniques (referred to as
‘‘NWA,’’ ‘‘KIN,’’ and ‘‘PHI’’ in Ref. [28]) using the same
CDF run II data yield values consistent with this result. The
four results are combined using a standard method [29].
We determine statistical correlations between the measure-
ments using Monte Carlo experiments and assume system-
atic uncertainties to be 100% correlated except the few that
are method-specific, which are assumed to be uncorrelated.
Table III gives the four dilepton measurements, their sta-
tistical correlations, and their weight in the combination.
The NWA method uses looser event selection and thus has
a smaller statistical correlation. Correlations significantly
less than unity suggest that each method extracts unique
information.
Combining the four CDF run II dilepton measurements,
we obtain
Mt  167:9 5:2stat  3:7syst GeV=c2:
This combined result is consistent with the current world
average [30] and the single most precise measurement in
the lepton jets channel [31].
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